Cardiorespiratory dysfunction during or after seizures may contribute to sudden unexpected death in epilepsy. Disruption of lower brainstem cardiorespiratory systems by seizures is postulated to impair respiratory and cardiac function. Here, we explore the effects of brainstem seizures and stimulation on cardiorespiratory function using a rat model of intrahippocampal 4aminopyridine (4-AP)-induced acute recurrent seizures. Cardiac and respiratory monitoring together with local field potential recordings from hippocampus, contralateral parietal cortex and caudal dorsomedial brainstem, were conducted in freely moving adult male Wistar rats. Seizures were induced by intrahippocampal injection of 4-AP. Increased respiratory rate but unchanged heart rate occurred during hippocampal and secondarily generalized cortical seizures. Status epilepticus without brainstem seizures increased respiratory and heart rates, whereas status epilepticus with intermittent brainstem seizures induced repeated episodes of cardiorespiratory depression leading to death. Respiratory arrest occurred prior to asystole which was the terminal event. Phenytoin (100 mg/kg, intraperitoneal injection), administered after 4-AP intrahippocampal injection, terminated brainstem seizures and the associated cardiorespiratory depression, preventing death in five of six rats. Focal electrical stimulation of the caudal dorsomedial brainstem also suppressed cardiorespiratory rates. We conclude that in our model, brainstem seizures were associated with respiratory depression followed by cardiac arrest, and then death. We hypothesize this model shares mechanisms in common with the classic sudden unexpected death in epilepsy (SUDEP) syndrome associated with spontaneous seizures. Intrahippocampal 4-aminopyridine Cerebral originating seizures Brainstem seizures Central apnea, then asystole SUDEP Journal Pre-proof J o u r n a l P r e -p r o o f 1979; Riley and Moore Ter Horst et al., 1989) . In the systemically injected kainateinduced seizure model, with frequent convulsions, there is increased unexplained mortality and mortality from isoflurane anesthesia with extensive NTS neuronal loss and impaired baroreceptor and chemoreceptor reflexes (Tolstykh and Cavazos, 2013). In another study, the pattern of Fos expression in the NTS, dorsal motor nucleus of the vagus, and ventrolateral medulla was similar after hypoxia and seizures (Kanter et al, 1996) . These results suggest that the disruption of the NTS or its associated areas and/or nearby structures by seizure activity can result in cardiorespiratory abnormalities. Journal Pre-proof J o u r n a l P r e -p r o o f 15 Figure 5. Brainstem seizures are associated with cardiorespiratory depression. Cerebral SE without a brainstem seizure is associated with increased RR and HR. A) Representative traces of Journal Pre-proof the data were not included in the analysis. Finally, figure 8 E and F show that stimulations significantly decreased HR and RR when compared to pre-stimulation baseline (awake: RR, t(18) = -8.742; awake: HR, t(15) = -5.948; SWS: RR, t(16) = -7.724; SWS: HR, t(13) = -6.947, p  0.001, one-sample t-test). However, no significant difference in the magnitude of stimulation-Journal Pre-proof J o u r n a l P r e -p r o o f 21
Introduction
Seizures are temporary disruptions of brain function resulting from abnormal, hypersynchronous neuronal activity that can affect brain function locally and remotely. Cardiorespiratory dysfunction during or after seizures occurs in humans (Malatinský et al., 1975; Seyal and Bateman, 2009; van der Lendeet al., 2016) and in animal models (Mameli et al., 2006; Faingold et al., 2010; Kalume et al.,2013; Salam et al., 2017) . Evidence implicates brainstem dysfunction due to depressed activity caused by spreading depolarization (Aiba and Noebels, 2015) , reduced medullary serotoninergic neuronal activity (Zhan et al., 2016) , or generalized tonic-clonic seizure (GTCS)-induced hyperactivation of parasympathetic input to the heart (Kalume et al., 2013) .Brainstem seizures may affect cardiorespiratory function in different ways. Apparent palpitations can occur when rats, undergoing chronic brainstem kindling, are handled (Lam et al., 2010) . Recurrent brainstem seizures are associated with visually observed apnea (Salam et al., 2017) , but the direct quantitive assessment of this interaction with physiological measures and the effects of direct brainstem stimulation or anticonvulsant treatment have not been assessed.
Respiratory and cardiovascular functions are regulated by several brainstem nuclei. The ventral respiratory column in the ventral medulla generates the respiratory rhythm and pattern (Smith et al., 1991; Smith et al., 2007) , and is comprised of four subnuclei: Botzinger complex, pre-Botzinger complex, rostral ventral respiratory group and caudal ventral respiratory group (Bianchi et al., 1995) . The nucleus tractus solitarius (NTS) in the dorsal brainstem processes visceral afferent information and sends efferents to brainstem and forebrain sites (Wyss et al., J o u r n a l P r e -p r o o f This research aims to determine changes in cardiorespiratory function during brainstem seizures induced by intrahippocampal administration of 4-AP in freely-moving rats. We investigated seizure initiation and propagation recording from pre-implanted electrodes in the right hippocampus, left parietal cortex and right caudal dorsomedial brainstem. We measured respiration rate (RR) by a piezoelectric pulse transducer and heart rate (HR) by electrocardiogram, to examine cardiorespiratory changes associated with brainstem seizures and brainstem electrical stimulation. We conclude that brainstem seizures cause respiratory depression, followed by cardiac arrest and death. Understanding how seizures affect brainstem and cardiorespiratory function has important implications for preventing morbidity and mortality in epilepsy patients.
Methods
All experimental procedures were reviewed and approved by the Animal Research Committeeat the University Health Network (Toronto, Ontario, Canada), in accordance with the guidelines of the Canadian Council on Animal Care.
Implantation of recording electrodes and guide cannula for microinjection
Adult male Wistar rats (300-350 g), Charles River, Canada, were anesthetized with 1.5-2% isoflurane. Four stainless steel screws were fixed to the skull as anchor screws. Two of them were connected and used as reference and ground. All electrodes were polyimide-insulated stainless steel wires purchased from Plastic-1 Inc., Roanoke, VA, USA. A bipolar electrodecannula (polyester-insulated stainless steel cannula: 390-µm inner diameter, 710-µm outer diameter, electrode diameter: 230 µm) was stereotaxically implanted into the CA1 region of the right hippocampus (AP, -3.8 mm; L, -2 mm; V, -2.6 mm) which is 1 mm above the intended injection site. Two twisted bipolar electrodes (MS303/3-B, 150 µm) were implanted above the left parietal cortex (AP, -4.3 mm; L, +5.2 mm; V, 2.5 mm) and the right caudal dorsomedial brainstem (AP, -13.3 mm; L, -1.0 mm; V, 8.0 mm). A neck EMG electrode (150 µm) was implanted to record muscle activity. The entire surgical site surface was covered with dental cement. Rats were given a subcutaneous (s.c.) injection of Ketoprofen (5 mg/kg), Buprenorphine (0.01-0.05 mg/kg, s.c., every 12 h) and 2-3 ml of 0.9% sterile saline (s.c.) preoperatively, J o u r n a l P r e -p r o o f repeated every 12 h, if necessary. The animals were given one week for postoperative recovery. 
Intrahippocampal (i.h.) 4-AP injection
We randomly divided twenty-seven animals into two groups: a control group in which 5 µl of artificial CSF was injected into the hippocampus (n= 6) and a 4-AP injection group, in which 5 µl of three different 4-AP concentrations; 0.25 mM (n = 6), 4 mM (n = 8) and 24 mM (n = 7)
were injected into the hippocampus. After 1-hr baseline recording, rats were transiently anesthetized with isoflurane inhalation for accurate placement of an injection cannula. The injection cannula was 1 mm longer than the guide cannula in order to reach the injection site at 3.6 mm ventral to the bregma. One minute after inserting the injection cannula, 5 µL of 4-AP solution was injected manually at a rate of 0.5 µl/30s over 4 min. The injection cannula was left in place for 1 min after the injection and then removed.
Local field potential (LFP) recordings in freely-behaving rats
For habituation, rats were connected to the recording apparatus the day before the study.
Following injection, rats were placed into a Plexiglas bowl filled with fresh bedding and connected to the recording dual-channel AC microelectrode amplifier with extended head stages (model 1800, AM Systems, Carlsborg, WA, USA). The input frequency band of the amplifiers was set at 1-1000 Hz. Data were amplified 1000 times. Digitization and recording were done at a sampling rate of 5000 Hz (Spike 2 software version 7, and Micro-1401, Cambridge Electronic Design). Simultaneously with the LFP recording, rats were video-monitored using 2 webcams (Logitech) positioned in front of and above the recording cage. LFP recording was started and continued for up to 2 hours (the recovery period from anesthesia was about 5-7 min). After the recording was done, the animals were given phenytoin (PHT) 80 mg/kg, i.p., followed by diazepam 5 mg/kg, i.p, to stop status epilepticus (SE) if required.
To verify that the abnormal activity was a seizure, the corresponding video-LFP recording was reviewed. Ictal discharge was defined as high-frequency synchronized firing with an amplitude standard deviation of at least twice the LFPs at baseline (pre-4-AP injection) and a duration of ≥5s. In the clinical setting, SE was defined as a seizure activity lasting 5 minutes or longer or intermittent seizures without returning to baseline consciousness between them (Brophy et al., J o u r n a l P r e -p r o o f 6 2012). In the animal model, consciousness is difficult to measure, but we used the 5-min definition, which remains appropriate for this setting. Gasping and cyanosis often followed high doses of 4-AP induced seizures. Attempts to resuscitate the rats involved placing a polyethylene tube (1.6 cm outer diameter) over the nostrils and connecting it to the outflow of rodent respirator (Harvard apparatus 680), operating at 110 strokes/min at a volume of 2 ml, using room air. The experiments were carried out in a constant environment, during the afternoon (12:00-16:00h).
EKG and respiratory measurements
EKG and respiratory recordings were performed using a modified custom-made elastic cotton jacket based on a method previously developed by Pereira-Junior et al. (2010) . A modified custom-made elastic cotton jacket was designed to fit the rat's mean thoracic circumference ( Fig. 1 B & C). Three pieces of rectangular platinum electrodes (5 mm X 3 mm) were used. One piece (electrode A) was directly sewed onto the jacket's inner surface. The other two pieces were attached to two rubber bands (one electrode/band) and the bands were sewed onto the inner surface of the jacket (electrodes B and C). When the jacket was put on the animal, electrode A corresponded to a position at 2 cm above the sternum bone, near the right anterior limb while electrode B corresponded to a position at 1 cm above the sternum, slightly on the left side.
Electrode C corresponded to a position at the right costal-abdominal margin, 3 cm below the sternum bone. Finally, the active surface of reduced-diameter piezo electric pulsed transducer was also placed onto the jacket's inner surface at the position right below the sternum. EKG was acquired from signal subtraction between electrodes A and B, resembling EKG lead II. RR was obtained from the piezoelectric pulse transducer. If the signal from the piezoelectric pulse transducer was lost, the RR was acquired by baseline deviation of signal subtraction between electrodes B and C. To prevent stress-induced cardiorespiratory changes, rats were conditioned to the jacket for 5 consecutive days, 20 minutes each day, before the experimental day. Figure   1B to D illustrates details of the jacket.
Baseline cardiorespiratory parameters were recorded together with video and LFP recordings for 1hour before 4-AP injection. The ventral thoracic and abdominal region was shaved and cleaned with alcohol. TEN20 EEG conductive electrode paste was applied to reduce skin impedance. 
Cardiorespiratory data analysis
HR and RR in the animals that did not have brainstem seizures were determined for each ictal period throughout the period of cortical seizures. Cardiorespiratory parameters in the animals with brainstem seizures were examined during each ictal period throughout brainstem seizure. 
Phenytoin treatment
Six animals were used to test the effects of phenytoin (PHT) sodium (100 mg/kg; Sandoz, Germany) on ongoing SE in an attempt to block brainstem seizures and mortality induced by i.h. 4-AP injection. Cardiorespiratory data from 4-AP experiments suggested that the RR started to decrease substantially around 20 min after 4-AP injection. Thus to ensure effective treatment, PHT was injected 10 minutes after 4-AP injection. Continuous video and LFP observations assessed the effects of PHT on behavioral and electrographic seizure activity for 2 hours and at 24 hours after 4-AP injection. Since phenytoin did not stop SE, diazepam (5 mg/kg) was also given after the recording was done and the animals were returned to their home cage in order to stop SE and minimize the animal's distress. Cardiorespiratory data analyses were performed as above.
Brainstem stimulation procedures
Thirteen animals underwent the same surgical procedures as described for i.h. 4-AP experiments.
Field potentials were recorded through bipolar electrodes in the hippocampus, parietal cortex and caudal dorsomedial brainstem throughout the experimental session. The implanted brainstem recording electrode was also used for brainstem electrical stimulation. The stimulation paradigm consisted of 0.5 ms constant current biphasic square-wave pulses delivered for 10s at 8 Hz, the dominant brainstem seizure frequency that was obtained from the 4-AP induced-seizure power spectral analysis (Grass S44 stimulator and model 2200 analog stimulus isolator, AM systems, Carlsborg, WA, USA). A dual-channel AC/DC differential amplifier with extended head stages (model 3000, AM Systems, Carlsborg, WA, USA) was used to stimulate and record from the same brainstem electrode. To determine threshold current intensity, before each experiment, a stimulus current intensity/response test used stimulation parameters described above. The current intensity was incremented from 50 to 300 µA (25 µA steps from 50 to 100 PA; 50 µA steps from 100 to 300 µA). The minimum current intensity necessary to produce changes in cardiorespiratory function will be referred to as the "threshold" intensity. A suprathreshold J o u r n a l P r e -p r o o f 9 stimulus intensity (one step up from the threshold intensity) was used to determine the effects of stimulation on the cardiorespiratory parameters. Each rat received the total number of 5-7 stimulations during awake and slow wave sleep (SWS). Three minutes elapsed between stimulation to allow the LFPs and cardiorespiratory parameters to return to their basal values.
Baseline (control) cardiorespiratory parameters were calculated from 10s immediately before stimulation and were compared to cardiorespiratory parameters measured during the 10s-period of stimulation. The percent changes in HR and RR from pre-stimulation control values were then determined for each stimulation trial. The percent changes of HR and RR of a number of trials across animals were then pooled together. The mean, standard error of the mean and statistical tests were performed across trials.
Histological assessment
Upon completion of each experiment, rats were deeply anesthetized with sodium pentobarbital (70 mg/kg, i.p.) and a direct current of 1 mA was passed through the electrodes for 5 s to make a lesion at the electrode location. Rats were then transcardially perfused with heparinized phosphate buffered saline (10 units/ml) followed by 10% neutral buffered formalin solution. The brain was removed and further fixed overnight at 4 °C in the formalin solution. The brain was then transferred to a 30% sucrose solution for a few days until it sank before being frozen at -80 C. Serial coronal sections were done at 50 µm thickness and stained with cresyl violet. Only data from rats with confirmed electrode locations were analyzed.
Statistical Analyses
All values were expressed as mean ± SEM. The data from all animals in each group were pooled together and statistics were performed across that data. Statistical tests were conducted via Sigmaplot software (12th version; Systat Software Inc, San Jose, California, USA). For single group comparison, one sample t-test was used. For direct comparison of two groups, a Student's t-test was carried out. For multiple group comparisons, an ANOVA was employed followed by a multiple comparison Holm-Sidak test. Significance was P < 0.05, unless stated otherwise.
Shapiro-Wilk was used to test the normality of the data. 2) or 24 mM 4-AP (n =2), had hippocampal and cortica l SE with brainstem seizures and survived for at least 2 hours after 4-AP injection, and 4) Cerebral SE+BS (died) (n = 5) received 24 mM 4-AP, had hippocampal and corticalSE with brainstem seizures and died within 1 hour following 4-AP injection (Fig. 3) .
Data availability
One way analysis of variance revealed significant group effects on cardiorespiratory rates ( Fig.   3 ; (RR: F(4, 327) = 332.105, p  0.001; HR: F(4, 327) = 290.528, p  0.001). Posthoc analysis using the Holm-Sidak test showed significant differences of RR and HR in all groups compared to CSF except for the effects of intermittent seizures in group 1 on HR. The Cerebral sz group 1 was associated with an increase in RR (12.18 ± 0.96%) but unchanged HR (2.70 ± 0.37%). SE without brainstem seizures (Cerebral SE-BS, group 2) significantly increased RR (36.86 ±1.81%) and HR (7.08 ± 0.27%). In contrast, cardiorespiratory function was markedly impaired during brainstem seizures. RR was significantly decreased to -16.38 ± 1.64% and HR was decreased to -8.46 ± 0.63% in rats that survived (Cerebral SE+BS; survived, group 3). In those that died (Cerebral SE+BS; died, group 4), RR was suppressed to -39.56 ± 1.93% and HR was suppressed to -18.55 ± 0.96% (Fig. 3 ). Seizures were associated with an immediate or a 1-2 sec 
Brainstem seizures are associated with cardiorespiratory depression related mortality
The relationship between changes in HR and brainstem seizures was less well defined than the respiratory-brainstem association. The time courses of RR and HR changes were not congruent in either group that had brainstem seizures. The RR of animals in Cerebral SE+BS (survived) reached its lowest point with -40% change from baseline during the first 20-25 min, whereas the trough of HR was behind the trough of RR (Fig. 6A ). Rats in Cerebral SE+BS (died) group showed steady progressive decrease of RR which began to fall below 50% of baseline around 20-25 min while the HR dropped to a much lesser degree than that of the RR (Fig. 6B ). This time difference ranges from 1.82 to 26.13 min. However, no significant differences were found between groups in the number of hippocampal seizures before a continuous discharge (Cerebral 
Effects of PHT on brainstem seizures, cardiorespiratory changes and mortality

Effects of brainstem stimulation on cardiorespiratory function
Brainstem electrical stimulation at the dominant brainstem seizure frequency (8Hz) was immediately followed by cardiorespiratory depression and persisted throughout the 10s stimulation period. HR and RR immediately returned to the baseline after most stimulations but cardiorespiratory depression occasionally continued for 1-2 s. Stimulation did not induce brainstem afterdischarges. Representative traces of brainstem stimulation inducedcardiorespiratory depression are shown in Figures 8A and B .
Neither behavioral changes nor labored breathing were found during and after stimulation, suggesting that the animals were unaware of the stimulation-evoked cardiorespiratory depression. In addition, brainstem stimulation at subthreshold stimulus intensity evoked no change in cardiorespiratory parameters (Fig. 8C) . To test whether the cardiorespiratory depression elicited by stimulation were localized to the brainstem, the contact sites on the implanted bipolar electrodes located in the hippocampus were stimulated. Stimulating hippocampus with the same stimulus intensity used in brainstem stimulation did not induce afterdischarges or cause any changes to RR and HR (Fig. 8D ). Strong overt movements were produced during brainstem stimulation in two of thirteen rats which limited the determination of cardiorespiratory responses due to artifact. The trials in these two animals were terminated and J o u r n a l P r e -p r o o f 
Discussion
Our two main findings are; 1) brainstem seizures propagating from cerebral structures are associated with depressed cardiorespiratory function which can be reproduced by brainstem electrical stimulation, and 2) mortality is associated with initial cortical EEG flattening that precedes or is concomitant with the final brainstem seizure followed by respiratory arrest and later, cardiac arrest. Our group has previously shown in a proof-of-principle study that intrahippocampal injection of 4-AP caused secondarily generalized seizures which spread into the brainstem, with mortality apparently associated with visually apparent respiratory distress (Salam et al., 2017) . Here we directly measure heart and respiratory rates showing that brainstem seizure activity or direct brainstem stimulation depress these functions. We further show that administering phenytoin 10 minutes after the onset of SE, attenuated the hippocampal and cortical seizure activity and terminated the brainstem seizures, preventing death from cardiorespiratory failure.
Ictal bradycardia is most often associated with temporal lobe seizure foci with seizures that may be unilateral, or more often with bilateral hemispheric seizure activity (Britton et al., 2006) .
Apnea occurs during and after seizures in humans (Mirsky and Vanburen, 1965; Watanabe et al., 1982; Seyal and Bateman, 2009) , and in experimental animals (Venitet al., 2004; Faingold et al., 2010; Aiba and Noebels, 2015; Zeng et al., 2015; Zhan et al., 2016; Salam et al., 2017) . Apnea during temporal lobe seizures is more related to seizure spread to the contralateral temporal lobe than to the seizure onset (Seyal and Bateman, 2009 ). Together, these findings suggest that apnea is related to bilateral or generalized seizure spread, and, based on our data, spread of the seizure activity into the caudal dorsal brainstem in the vicinity of the NTS. This region receives visceral J o u r n a l P r e -p r o o f afferents and coordinates cardiorespiratory reflexes. We propose that seizures in the caudal dorsomedial brainstem, near the NTS, disrupts autonomic control of cardiac and respiratory functions, resulting in depressed HR and RR. However, we recorded from only one brainstem region and epileptiform activity or seizures in other brainstem regions could be critical for cardiorespiratory dysfunction.
Seizures and SE could cause a peripheral syndrome, neurogenic pulmonary edema (NPE), resulting in cardiorespiratory dysfunction in humans (Sarkar and Munshi et al., 1977; Terrence et al., 1981; Hiroaki et al., 2017) . However, the simultaneity or short delay between brainstem seizure onset and cardiorespiratory depression observed, excludes NPE-induced acute cardiorespiratory suppression, which occurs more than 1 minute following an insult (Hiroaki et al., 2017) . Thus cardiorespiratory depression was likely initiated by brainstem seizures rather than by peripheral mechanisms. Other studies also support the critical role of the central brainstem centers in seizure-induced cardiorespiratory dysfunction. Central apnea or hypopnea accompanied 50% of seizures in patients monitored in an epilepsy monitoring unit, whereas mixed or obstructive apnea occurred in 9% of seizures (Bateman and Seyal, 2008) . Depressed respiration and oxygen desaturation occurs when seizures spread to the amygdala or during amygdala stimulation (Dlouhy et al., 2015) , which may also involve the brainstem effector sites that receive amygdala efferents (Hopkins, 1975; Hopkins and Holstege, 1978) . Finally, the extension of the network inhibition hypothesis (Blumenfeld et al., 2009; Englot et al., 2010; Cunningham et al., 2014; Gummadavelliet al., 2015) is consistent with seizure propagation activating GABAergic inhibitory neurons which then can depress brainstem cardiorespiratory structures. However, since the rats had 30-60 min brainstem seizures, NPE or other peripheral mechanisms such as chemoreflexive intrinsic responses to forced hypoventilation such as acidosis, hypercarbia, hypoxia and hypoxia-induced bradycardia might come into play and exacerbate brainstem seizure-induced cardiorespiratory depression. The results from PHT treatment also support the association between brainstem seizures and cardiorespiratory depression. PHT terminated brainstem seizures within 40-45 min after 4-AP injection and prevented brainstem seizure-associated cardiorespiratory depression and mortality in most rats.
After the brainstem seizures ceased, cardiorespiratory parameters were no longer suppressed. In fact, they remained above the baseline for up to 2 hours after the 4-AP challenge. HR and RR J o u r n a l P r e -p r o o f were also suppressed at 24 hours after 4-AP administration, possibly due to the effect of recurrent seizures on postictal neurocardiac regulation, as occurs in rats (Naritokuet al., 2003) .
During cardiorespiratory depression, convulsive SE can affect the brainstem as well as other brain areas. Resolution of cardiorespiratory depression after PHT may reflect decreased seizure activity in brainstem and/or in other areas. To exclude the role of severe SE on cardiorespiratory function, we electrically stimulated the brainstem through the same contact sites which were used to record seizure activity. This stimulation elicited cardiorespiratory suppression. However, given the stimulating electrode size, the induced-cardiorespiratory suppression may have activated neurons throughout the caudal dorsomedial brainstem (i.e., NTS and nearby structures).
Other studies have demonstrated that stimulation through macro electrodes (130-150 µm diameter) in caudal NTS evoked depressor responses (Aicher and Randich, 1990) , and increased arterial pressure (Golanov and Reis, 2001) . We considered administering 4-AP at a low dose directly into the brainstem, as this experiment could strengthen the association between brainstem seizures and cardiorespiratory depression. However several aspects dissuaded us from designing such an experiment. The concentration of 4-AP used to induce seizure directly in the brainstem would probably be quite high. The rate and area of diffusion in the brainstem must be tightly controlled, which could be quite difficult. Chronic cannula implantation into the brainstem is challenging. Great care would be required to leave the perfusion tube stabily and chronically in the freely-moving rat, and even more so during perfusion of 4-AP. It would take much experimentation to figure out the appropriate location (particularly given the heterogeneity of the brainstem) and dose which would cause the desired convulsive behaviors.
Comparing stimulation effects during different behavioral states, we found no difference in cardiorespiratory function between awake and SWS states. During the stimulation, we observed no obvious behavioral (e.g., distress, lethargy) responses from the stimulation-evoked cardiorespiratory depression, suggesting that focal brainstem electrical stimulation did not cause pain or interfere with the ascending arousal system. The lack of awareness of stimulation-evoked respiratory depression is similar to the impaired consciousness in epilepsy patients during and after seizures which could be life-threatening and thus contributing to sudden unexpected death in epilepsy (SUDEP) as suggested from human SUDEP cases that were found prone in bed (Ryvlin et al., 2013) .
J o u r n a l P r e -p r o o f
Ictal or postictal cardiorespiratory depression may be critical mechanisms causing or contributing to SUDEP, together with depression of consciousness, arousal and protective reflexes. Other mechanisms, such as ictal/postictal laryngospasm are less frequent. Ictal cardiac arrhythmia immediately before death was reported in one SUDEP and one near-SUDEP case (Dasheiff and Dickinson, 1986; Espinosa et al., 2009) . Sudden death in a Dravet Syndrome mouse model resulted from parasympathetic hyperactivity following tonic-clonic seizures leading to bradycardia and suppressed HR variability (Kalumeet al., 2013) . By contrast, hypoxemia due to hypoventilation may contribute to cardiac abnormalities in temporal lobe epilepsy patients (Bateman et al., 2008) . In the largest series of 11 SUDEP cases recorded in an epilepsy monitoring unit (MORTEMUS), all deaths followed a GTCS and resulted from combined postictal respiratory and arousal impairments, with associated bradycardia (Ryvlin et al., 2013) . Finally, in DBA/1 mice, audiogenic seizures induced by acoustic stimuli caused generalized convulsive seizures followed by respiratory arrest (Faingoldet al., 2010) , which could be reversed by fluoxetine (Faingold et al., 2011; Zeng et al., 2015) . In the animals that had brainstem seizures in the present study, RR was consistently suppressed earlier and to a greater extent than the HR. In the animals that died, death ensued from respiratory arrest followed by cardiac arrest. Together, our data also support the notion that death results from respiratory arrest with secondary cardiac arrest.
Postictal generalized EEG suppression (PGES)is associated with the increased risk of SUDEP (Lhatoo et al., 2010) . Suppressed cortical activity during PGES may be associated with suppressed brainstem activity and respiratory arrest. However, the brainstem can work independently of cortical input (Smith et al., 1991) ; therefore PGES may not cause death but mark cortical dysfunction appearing after prolonged seizures preceding respiratory arrest. If so, cortical EEG suppression could be an epiphenomenon of the loss of central drive for breathing, more related to mechanisms terminating neocortical seizure activity (Bauer et al., 2017) . It is worth noting that the sudden infant death syndrome (SIDS), a death of an infant less than one year of age with unknown cause revealed by autopsy, and medical history (Krouset al., 2004) , has many similarities to SUDEP, and the underlying mechanisms may be quite similar (Kinney et al., 2009; Mitchell et al., 1999; Ryvlin et al., 2013) . 
